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Abstract
The interactions of different particle species with the foamy space-time fluctua-
tions expected in quantum gravity theories may not be universal, in which case differ-
ent types of energetic particles may violate Lorentz invariance by varying amounts,
violating the equivalence principle. We illustrate this possibility in two different
models of space-time foam based on D-particle fluctuations in either flat Minkowski
space or a stack of intersecting D-branes. Both models suggest that Lorentz invari-
ance could be violated for energetic particles that do not carry conserved charges,
such as photons, whereas charged particles such electrons would propagate in a
Lorentz-inavariant way. The D-brane model further suggests that gluon propa-
gation might violate Lorentz invariance, but not neutrinos. We argue that these
conclusions hold at both the tree (lowest-genus) and loop (higher-genus) levels, and
discuss their implications for the phenomenology of quantum gravity.
1 Introduction
The reconciliation of general relativity and quantum field theory in a true quantum
theory of gravity remains elusive. Perhaps one or the other, or both, of these funda-
mental theories undergoes some modification when embedded in quantum gravity?
A possible hint for a need to modify quantum field theory may have been provided
by black-hole thermodynamics [1]. In general, information is lost across a horizon,
such as that surrounding a black hole, which must therefore be described as a mixed
quantum-mechanical state. However, one can imagine preparing a black hole from a
pure quantum-mechanical initial state, so must we formulate [2] a theory that, un-
like conventional quantum mechanics and quantum field theory, allows pure states
to evolve into mixed states? Another suggestion is that Lorentz symmetry may be
broken in a quantum theory of gravity. In such a theory, the vacuum presumably
needs to be treated as a dynamical medium - a space-time foam containing many
evanescent fluctuations. Energetic particles may induce recoil effects on structures
in the foam, and these may, in return, induce back-reaction effects on the the par-
ticles’ propagation. Do these cause energetic particles to travel at less than the
conventional speed of light?
In this paper we propose a third possible signature of quantum gravity, namely
a violation of the equivalence principle [3], in the sense that different types of ultra-
relativistic particles may propagate in different ways. Within the general quantum-
gravitational framework outlined above, such equivalence breaking might arise if the
back-reaction of the recoiling space-time foam is non-universal for different particle
species. This would be unexpected if the structures that appear and disappear in
the space-time foam have purely gravitational interactions with the propagating
matter particles. However, there might also be non-gravitational interactions with
structures in the space-time foam, which need not be universal. In this case the
back-reactions might depend on the species of the propagating particle [4].
We demonstrate that just such a feature appears in a D-brane model of space-
time foam [5] that we have used previously to motivate the suggestion that energetic
photons might travel at less than the standard velocity of light measured for low-
energy photons [6, 7]. We show that the same mechanism that slows down energetic
photons, producing an energy-dependent in vacuo refractive index, is inoperative for
relativistic particles carrying a conserved charge, such as electrons. This is because
this approach models the structures in the space-time foam as D-particles, and
neither they nor their possible excitations can carry electric charge.
We were led to this observation that the principle of equivalence might be vio-
lated for ultra-relativistic particles by considering the severe constraints on Lorentz
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violation for electrons [8, 4] that are imposed by the apparent observation of syn-
chrotron radiation from the Crab Nebula [8]. We observed [4] that this impressive
constraint does not apply to photons, and we then realized that our D-brane evades
the Crab Nebula constraint just because it predicts Lorentz invariance for electrons,
in contrast to photons [3].
In this paper, we focus on the explanation of this equivalence breaking in two
variants of the D-particle model, one based on string propagation in Minkowski space
and the other invoking intersecting stacks of D-branes [9]. The latter suggests that
the propagation of energetic gluons might violate Lorentz invariance, but not that
of energetic neutrinos. We argue that these conclusions should hold also at higher
orders in the string genus (loop) expansion. Finally, we comment on the interpreta-
tion of the constraint on quantum gravity provided by synchrotron radiation from
the Crab Nebula, and on other implications for quantum-gravity phenomenology.
2 Space-Time Foam and the Violation of the Equiv-
alence Principle
It may at first sight seem paradoxical that space-time foam could violate the equiv-
alence principle, since one expects gravity to exhibit universal properties at low
energies. This low-energy universality is a well-established feature of string theory,
but it is not guaranteed that this universality should extend to high energies. For ex-
ample, in brane physics, excitations with non-zero charges, e.g., under the Standard
Model gauge group, are represented by open strings with their ends attached with
Dirichlet boundary conditions to a brane [9]. Only neutral, closed-string excitations
are allowed to propagate in the bulk space transverse to the brane. This framework
is manifestly non-universal in general.
We display the advertised non-universal violation of the equivalence principle
for ultra-relativistic particles in two different ways in the following two subsections.
The first demonstration is outside the brane-world framework, and the second is
within it.
2.1 D-Particle Model of Space-Time Foam
In the original model of [5], one treats observable particles as closed-string states
propagating through a ‘bulk’ space-time. Space-time foam as comprised of point-
like defects, each of which is modelled as a zero-space-dimensional D0-brane or
D-particle, embedded in this four- (or higher-) dimensional bulk space-time, which
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Figure 1: In the Liouville model of space-time foam [5], only a string particle (S)
neutral under the (unbroken) Standard Model group can be captured by a D-particle
defect (D) in space time. This results in a modified (subluminal) dispersion relation
for S, as a consequence of the recoil of the defect D in a direction opposite to the
incident beam. Drawing (a) shows the capture of a closed string S by the defect, and
drawing (b) shows the capture of an open string S by the defect. All capture processes
involve a change in the boundary conditions of the respective σ-model fields on open
world sheets.
represents the Minkowski space-time we observe. An energetic particle propagating
with momentum pi may strike a relatively heavy defect with mass ∼ Ms, the string
scale with a coupling gs, causing it to recoil, as illustrated in Fig. 1. This process was
discussed in detail in [5], where it was shown that the associated back-reaction effects
in target space lead to the following energy-dependent modified effective metric ‘felt’
by the energetic particle:
G00 = −1 ; Gij = δij ; G0i = gs∆pi
Ms
∼ 1
2
gs
pi
Ms
∼ piM , (1)
where ∆pi is the momentum transfer during the scattering process and Ms/gs =M
is the effective quantum-gravity scale [5].
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In more detail, in the recoil/back-scattering process illustrated in Fig. 1, a closed-
string (matter) state - we recall that in this model there are no open strings in the
bulk - is momentarily captured by the defect. It then splits into two open-string
excitations with their ends attached in the defect, which then recombine to emit a
closed-string state. This will, in general, have a new momentum, with the defect
itself recoiling in a direction opposite to that of the incident particle.
The corresponding target-space quantum dynamics was discussed in [10] from
a world-sheet σ-model point of view, in which the Galilean-boosted D-particle has
position
Yi(x
0) = Yi + Ui x
0, (2)
where we have assumed a non-relativistic heavy D-particle with velocity Ui. The
mathematical formulation of the capture/recoil process involves non-trivial impulse
operators, as discussed in [10]. One may incorporate such excitations in the σ-
model path integral by considering the world-sheet genus expansion of a matrix
σ model. An analysis of the annulus amplitude reveals that there are logarith-
mic divergences arising from integrations over the modular parameter q of the form∫
dq/q [11, 12], describing appropriate summations of world-sheet annulus diagrams.
These divergences can be removed by replacing the velocity operator in (2) by
limǫ→0+ UiD(x0; ǫ), where
D(x0; ǫ) = x0Θ(x0; ǫ) (3)
and
Θ(s; ǫ) =
1
2πi
∫ ∞
−∞
dq
q − iǫ e
iqs (4)
is the regulated Heaviside step function, with Θ(s) ≡ limǫ→0+ Θ(s; ǫ) = 0 for s < 0
and Θ(s) = 1 for s > 0. The infinitesimal parameter ǫ regulates the ambiguous
value of Θ(s) at s = 0, and the integral representation (4) is used because x0 is
eventually elevated to a quantum operator.
When this velocity term is inserted into the boundary integral of the σ-model
action, the ǫ → 0+ divergences arising from the regulated step function can be
used to cancel the logarithmic divergences of the annulus amplitudes [11, 12]. This
relates the target-space regularization parameter ǫ to the world-sheet ultraviolet
scale Λ by [13]
ǫ−2 = −2α′ log Λ (5)
This new velocity operator is called the impulse operator [12], and has non-zero
matrix elements between different states of the D-particle. It describes recoil effects
from the emission or scattering of closed string states off the D-particle, and, in
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the impulse approximation, it ensures that (classically) the D-particle starts moving
only at time x0 = 0.
But this is not all that is required. The operator (3) on its own does not lead
to a closed conformal algebra. Computing its operator-product expansion with the
stress-energy tensor shows [13] that it is only the pair of operators D(x0; ǫ), C(x0; ǫ),
where
C(x0; ǫ) = ǫΘ(x0; ǫ) (6)
that define an algebra that is closed under the action of the world-sheet stress-
energy tensor. They form a pair of logarithmic operators of the conformal field
theory [14]. Thus, in order to maintain conformal invariance of the world-sheet
theory, one cannot work just with the operator (3), because (6) will be induced by
conformal transformations. If we rescale the world-sheet cutoff
Λ→ Λ′ = Λ e−t/
√
α′ (7)
by a linear renormalization group scale t, then (5) induces a transformation
ǫ2 → ǫ′2 = ǫ
2
1− 4√α′ ǫ2 t , (8)
and we find
D(x0; ǫ′) = D(x0; ǫ) + t
√
α′C(x0; ǫ) , C(x0; ǫ′) = C(x0; ǫ). (9)
If we now modify the initial position of the D-particle to limǫ→0+
√
α′ YiC(x0; ǫ), then
this scale transformation will induce, by conformal invariance, a transformation of
the velocities and positions as follows:
Ui → Ui , Yi → Yi + Ui t, (10)
i.e., a Galilean evolution of the D-particle in target space.
In order to incorporate properly the non-trivial dynamics of the D-particle, one
must therefore consider, instead of (2), the recoil operator
Yi(x
0) = lim
ǫ→0+
(√
α′ YiC(x
0; ǫ) + UiD(x
0; ǫ)
)
. (11)
The conformal algebra reveals that the operators (3) and (6) have the same confor-
mal dimension [13]
∆ǫ = −α′|ǫ|2/2, (12)
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which vanishes as ǫ→ 0+. For finite ǫ, the operator (11) yields a deformation of the
world-sheet action of conformal dimension 1 − α′|ǫ|2/2. This describes a relevant
deformation of the σ-model, and the resulting string theory is therefore non-critical.
It follows from (10) that the corresponding RGE β functions are
βYi = ∆ǫYi +
√
α′Ui , βUi = ∆ǫUi. (13)
As the ‘dressing’ by the operators C and D is determined entirely by the temporal
coordinate x0, we identify this field as the Liouville field ϕ [5]. Marginality of the
deformation is then restored by taking the limit ǫ→ 0+. However, in view of (10),
the world-sheet scale ǫ−2 itself is identified with the target time [15, 5], and hence
one is forced to dress the impulse operator by the Liouville/time field to restore
conformal invariance for any finite time. It is this procedure, as explained in the
relevant literature [15, 5] that leads to gravitational back-reaction effects, and to an
effective target-space metric of the form (1).
The basic technical steps of this analysis may be summarised as follows. (i)
One writes the recoil boundary operator as a bulk operator in terms of a total
world-sheet derivative ∂, and then dresses it with a Liouville field φ. (ii) Since the
D operator is the leading contribution as ǫ → 0+, the dressed operator becomes
in this limit
∫
∂Σ
eαφ∂β(Uix
0Θ(x0; ǫ)∂βxi), where β = 1, 2 is a world-sheet index,
and α = ǫ is the gravitational anomalous dimension, computed according to the
rules of Liouville dressing [15, 5]. (iii) One integrates this formula partially, by
applying the Stokes theorem on the world sheet, and then uses the representation
Θ(x0; ǫ) ∼ e−ǫx0, where only the zero mode of x0 is used 1. (iv) In this way, one
obtains boundary contributions that are conformally invariant, as well as a bulk
world-sheet contribution of the form:
Ui
∫
Σ
ǫx0∂φ∂xieǫ(φ−x
0). (14)
(iv) The analysis of [10, 15] indicates that U¯i ≡ Ui/ǫ is an exactly marginal (scale-
invariant) σ-model coupling, that can be identified with the physical recoil velocity,
associated with the momentum transfer during the capture process. (v) Taking into
account the identification of the zero mode of φ ≡ x0, and recalling that one is
working at large times ǫ2x0 ∼ 1, one readily observes that (14) corresponds to a
world-sheet interaction ∝ ∂t∂xi, and hence to a modification of the target-space
background metric of the form (1). Physically, this is due to the displacement of
1This is justified by a more rigorous analysis in [15, 10].
6
the D-particle defect in the background space-time following the collision with the
propagating particle.
It has been shown in [5] that such effects yield an effective Born-Infeld action
for a massless gauge field, which is the T-dual of (11), corresponding to a gauge
potential of the form:
A0 = 0 (gauge condition), Ai(x
0) =
(
ǫYi +Uix
0
)
Θ(x0; ǫ) (15)
The open strings on the D-particle correspond, after a T-duality transformation, to
gauge excitations. We can now consider in this T-dual picture the propagation of
a real gauge field, represented by either a closed or open string moving through a
bulk space. A D-particle defect can be viewed as a particular background of the
corresponding σ model.
It has been argued in [16] that it is possible to consider composite objects in which
only one end of the open string is attached to the D-particle, the other end being
free in the bulk space. However, as explained in [17], a fundamental string cannot
end on an isolated D-particle, because the latter does not support a world-volume
charge. Such configurations are allowed only in the presence of a neighbouring
(p = 8)-brane, in which case the other end of the open string is attached to the
brane. Such a configuration experiences zero force, which makes it an appropriate
vacuum of string theory. We do not consider such configurations here.
Instead, by analogy with the capture by the defect of a closed string, as described
above, we consider the possibility that both ends of the open string are suddenly
attached to the D-particle. In the case of isolated D-particles, this corresponds to a
composite object which transforms as an Abelian gauge excitation under the action
of the U(1) group. In our model of D-particle foam, the latter may then be identified
with a different state of the photon, differing from the incident one by a phase in
its wave function. In a similar manner, the collision with the open string leaves the
defect also with a phase difference in its wave function.
However, the capture (or emission) of a closed- or open-string particle, propa-
gating through the bulk, by (or from) a D-particle defect is forbidden for strings
representing electrically-charged matter particles. This is because, during the cap-
ture stage, which lasts for a characteristic ‘uncertainty time’ of order the string scale,
as seen in Fig. 1, an intermediate composite state is produced. According to the
discussion above, this object transforms as a gauge field, i.e., in the adjoint repre-
sentation of the gauge group, whereas a charged particle would in general transform
according to some other representation of the group 2.
2In the presence of supersymmetry, the fermionic partners of gauge fields would behave in the
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In simple terms, electric charge conservation prevents the charged particle cap-
ture by the defect. If the propagating closed-string probe carried electric charge, this
could not be absorbed by the defect, as it is originally electrically neutral, as are its
excitations. An excited intermediate state is allowed only for incident photons, not
for any other Standard Model particles 3. This argument certainly excludes electrons
and other elementary charged probes from having modified dispersion relations in
the model of [5]. The discussion of composite particles such as protons is more com-
plicated but, to the extent that they contain uncharged constituents such as gluons,
they might also be susceptible to the effects of the Liouville foam. We present in
the next subsection a model of space-time foam in which gluon propagation might
indeed be affected.
This example of the possible breakdown of the equivalence principle in the Li-
ouville model of quantum-gravitational space-time foam [5] is just one example how
the Crab Nebula synchrotron radiation constraint [8, 4] may be evaded.
2.2 D-Brane Model for Space-Time Foam
In the modern context of the D-brane approach to gauge theories, gauge-field exci-
tations are viewed, not as closed-string excitations propagating through bulk space-
time, but rather as open strings with their ends attached to a stack of N Dp-branes.
If these branes are parallel, one finds excitations transforming in the adjoint rep-
resentation of U(N) (for oriented strings) [19]. If there is a stack of N1 parallel
Dp-(super)branes interesecting at an angle α with another stack of N2 parallel Dp-
branes, the gauge group is U(N1)⊗U(N2), and in such cases it is possible to define
chiral fermions that are localised at the interesection [20], which are open-string
excitations transforming under the bi-fundamental representation of the product
gauge group. In such a way, by arranging appropriately various stacks of higher-
dimensional D-branes one may construct a representation of the Standard Model
at such a (3+1)-dimensional intersection. In this subsection, we re-examine the
propagation of different Standard Model particles in such a D-brane construction.
In our approach to D-particle space-time foam we consider a situation in which
the intersection of such stacks of D-branes is punctured by D-particle defects, as
seen in the left drawing in Fig. 2. In such a case, the open strings localised on
the brane may be captured by the defect, as illustrated in part (b) of Fig. 1. The
important issue for us is: which particle species may be captured? As we have
same way as the gauge bosons themselves [18].
3It might also be possible for some particles beyond the Standard Model, such as right-handed
(sterile) neutrinos, of other particles which are neutral under the Standard Model gauge group.
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Figure 2: A model of space-time foam with recoil and back-reaction which preserves a
non-Abelian gauge group. In the left drawing, the D-particles (dark blobs) can punc-
ture the (3+1)-dimensional intersection of stacks of D-branes, and the foam effect is
caused by their interactions with open-string states localised on the intersection. The
right drawing shows a detailed view of these interactions on the (3+1)-dimensional
stack of intersecting D-branes. A string mode with non-trivial non-Abelian G quan-
tum numbers is represented as an open-string excitation of this stack of D-branes.
Open strings can also stretch between the coincident D-particles (as shown by the
dash-dotted lines between the dark blobs), describing excitations of groups of defects.
The recoil and back-reaction dynamics of a group of N interacting D-particles is
described by massless gauge excitations of non-Abelian U(N) Born-Infeld type. For
virtual D-particle excitations, the group quantum numbers of the vacuum must be
preserved, so G ≃ U(M) locally, imposing selection rules on the possible types of
interaction with the foam.
mentioned above, in this U(N1) ⊗ U(N2) gauge theory living on the intersection,
the chiral fermions in the bi-fundamental representation of the group and the gauge
bosons in the adjoint representation manifest themselves very differently, and it is
not obvious that any recoil/back-reaction effects should be universal.
In the case of string excitations with non-trivial quantum numbers under a non-
Abelian gauge group, one is forced to consider more complicated foam configurations,
involving groups of D-particle defects, interacting via the exchange of open strings
stretching between them. The recoil/capture stage in such a model with non-trivial
D-brane configurations has been studied in [10], where it was shown to be described
by a non-Abelian gauge theory of Born-Infeld form.
To understand physically the situation, we recall that the central feature of D-
brane dynamics is the observation [19] that the low-energy effective field theory for
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a system of N D-branes is ten-dimensional maximally supersymmetric U(N) Yang-
Mills theory dimensionally reduced to the world-volume of the D-branes. For the
case of D-particles, the Yang-Mills potential is
VD0[Y ] =
T 2
4gs
9∑
i,j=1
tr
[
Y i, Y j
]2
(16)
where T = 1/2πα′ is the elementary string tension, α′ is the string Regge slope
whose square root is the intrinsic string length ℓs, and gs is the (dimensionless)
string coupling constant. The fields Y i(t) are N × N Hermitian matrices in the
adjoint representation and the trace is taken in the fundamental representation of
the gauge group U(N). In the free-string limit gs → 0, the field theory involving
the potential (16) localizes onto those matrix configurations satisfying
[
Y i, Y j
]
= 0 , i, j = 1, . . . , 9, (17)
and the D-brane coordinate fields can be diagonalized simultaneously by a suitable
gauge transformation. The corresponding eigenvalues yia, a = 1, . . . , N of the Y
i
then represent the collective transverse coordinates of the N D-branes. In this
limit, the parallel D-branes are very far apart from each other and massless vector
states emerge only when fundamental strings start and end on the same D-brane.
The gauge group is then U(1)N . Since the energy of a string which stretches between
two D-branes is
M ∝ T |ya − yb|, (18)
more massless vector states emerge when the branes very close to each other. The
collection of all massless states corresponding to an elementary string starting and
ending on either the same or a different D-brane forms a U(N) multiplet. The off-
diagonal components of the Y i and the remnant gauge fields describe the dynamics
of the short open strings interacting with the branes, with Dirichlet boundary con-
ditions. One obtains in this way an effective low-energy field theory of massless
non-Abelian gauge excitations.
We now consider the interaction of such states with groups of N ′ D-particle
defects that puncture the stack of N parallel D-branes, as appropriate for a non-
Abelian extension of the D-particle foam model discussed in the previous subsection:
see Fig. 2. The analysis of [10] has demonstrated explicitly that the resulting dy-
namics of the massless excitations present during the recoil/capture stage is also
described by a Born-Infeld lagrangian with U(N ′) group.
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It is useful for our purposes to repeat briefly the technical details of the construc-
tion, so as to clarify the underlying physics. To describe the moduli-space dynamics
of a multi-D-brane system, we use the construction described in [21], which leads
to the clearest physical interpretation. In this picture, the assembly of D-branes,
including all their elementary string interactions, is regarded as a composite ‘fat
brane’ which couples to a single fundamental string with a matrix-valued coupling
in a T-dual picture employing Neumann boundary conditions 4. The resulting effec-
tive theory is described by a σ model on a world-sheet with the ‘effective’ topology
of a disc, propagating in the background of a non-abelian U(N) Chan-Paton gauge
field.
The relevant U(N)-invariant matrix σ-model action is
SN [X ;A] =
1
4πα′
∫
Σ{zab}
d2z tr ηµν∂X
µ∂¯Xν − 1
2πα′
∮
∂Σ{zab}
tr Yi
(
x0(s)
)
dX i(s)
+
∮
∂Σ{zab}
tr A0
(
x0(s)
)
dX0(s), (19)
where ηµν is a (critical) flat 9+1-dimensional space-time metric. The worldsheet
fields X , Y and A are N ×N Hermitian matrices transforming in the adjoint repre-
sentation of U(N) 5. The traces in (19) are taken in the fundamental representation.
The surface Σ{zab} is a sphere with a set of marked points zab, 1 ≤ a, b ≤ N , on
it. For each a = b it has the topology of a disc Σ, while for each pair a 6= b it has
the topology of an annulus. The variable s ∈ [0, 1] parametrizes the circle ∂Σ. It
was shown in [21] that the action (19) describes an assembly of N parallel D-branes
with fundamental oriented open strings stretching between each pair of them. The
diagonal component Yaa of the matrix field Y parametrizes the Dirichlet bound-
ary condition on D-brane a, while the off-diagonal component Yab = Y
∗
ba represents
the Dirichlet boundary condition for the fundamental oriented open string whose
endpoints attach to D-branes a and b. The matrix field A0 parametrizes the usual
Neumann boundary conditions in the temporal direction of the target space.
The action (19) is written in terms of Neumann boundary conditions on the con-
figuration fields, which is the correct description of the dynamics of the D-branes in
4For subtleties in applying the T-dual picture, see [22, 23]. We note here that one assumes [21,
10] that the Neumann picture is the fundamental picture to describe the propagation of strings in
fat-brane backgrounds. The Dirichlet picture is then derived by applying T-duality as a canonical
functional integral transformation.
5We consider only the case of oriented open strings. For unoriented open strings, the global
symmetry group U(N) is replaced by O(N) or USp(N/2).
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this picture, but it is straightforward to apply a functional T-duality transformation
on the fields of (19) to express it in the usual, equivalent Dirichlet parametriza-
tion [21]. The configuration
Aµ =
(
A0,− 1
2πα′
Y i
)
(20)
can be interpreted as a U(N) isospin gauge field dimensionally reduced to the world-
line of the D-brane [9, 24].
As discussed in [10, 21], quantum fluctuations of the couplings Y abi provide
infinitesimal separations between the N constituent D-branes proportional to the
string coupling gs, and also allow for the endpoints of the fundamental strings to
fluctuate in space-time. One must then integrate out all the fluctuations among the
fat-brane constituents, i.e., over all of the marked points of Σ{zab}. This necessar-
ily makes the action non-local. By U(N) gauge invariance, the resulting σ-model
partition function then becomes the expectation value, in a free (scalar) σ model, of
the path-ordered U(N) Wilson-loop operator W [∂Σ;A] along the boundary of the
world-sheet disc Σ,
ZN [A] ≡
∑
genera
∫
[dX ]
∫
Σ
N∏
a,b=1
d2zab e
−SN [X;A]
≃ 〈W [∂Σ;A]〉0 ≡
∫
Dx e−N
2S0[x] tr P exp
(
igs
∮
∂Σ
Aµ(x
0(s)) dxµ(s)
)
,
(21)
where dX is the normalized invariant Haar measure for integration on the Lie algebra
of N ×N Hermitian matrices and
S0[x] =
1
4πα′
∫
Σ
d2z ηµν∂x
µ∂¯xν (22)
is the free σ-model action for the fundamental string. The path integral measure Dx
is normalized so that 〈1〉0 = 1. The partition function (21) describes the dynamics
of a fat brane, which is depicted by the system of parallel dashed-triple-dotted lines
in Fig. 2.
The low-energy effective action for the D-brane configuration is now obtained
by integrating out the fundamental string configurations x in (21). To lowest order
in the gauge-covariant derivative expansion, the result is given by a non-Abelian
Born-Infeld effective action ZN [A] ≃ e−N2ΓNBI[A], where
ΓNBI[A] =
c0√
2πα′ gs
∫
dt tr (Sym + iζ Asym)
(
det
µ,ν
[
ηµνIN + 2πα
′g2sFµν
])1/2
(23)
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is the non-abelian Born-Infeld action for the dimensionally-reduced gauge field Aµ.
Here c0 is a numerical constant and t = x
0(s = 0) is the world-sheet zero mode of
the temporal embedding field, IN is the N × N identity matrix, Sym denotes the
symmetrized matrix product
Sym(M1, . . . ,Mn) =
1
n!
∑
π∈Sn
Mπ1 · · ·Mπn , (24)
and Asym is the antisymmetrized matrix product
Asym(M1, . . . ,Mn) =
1
n!
∑
π∈Sn
(sgn π)Mπ1 · · ·Mπn . (25)
The symmetric and antisymmetric products on functions f(M1, . . . ,Mn) of n matri-
ces Mk are defined in [10]. The symmetrization and antisymmetrization operations
have the effect of removing the ambiguity in the definition of the space-time deter-
minant in (23) for matrices with non-commuting entries.
The components of the field strength tensor in (23) are given by
2πα′F0i = ddt Yi − igs[A0, Yi] , (2πα′)2Fij = gs[Yi, Yj] (26)
and the constant ζ ∈ R is left arbitrary so that it interpolates among proposals
for the true trace structure inherent in the non-Abelian generalization of the Born-
Infeld action. The case ζ = 0 corresponds to the original proposal in [25], while
the trace structure with ζ = 1 was suggested, in a different context, in [26]. The
two-loop world-sheet β function for the model (21) was calculated in [22] to be
βabi ≡
∂Y abi
∂ log Λ
= −(2πα′gs)2 (DµFµi)ab + 2(2πα′gs)3 (Dµ [Fµν , F νi])ab +O
(
(α′gs)4
)
,
(27)
where
D0 =
d
dt
− igs [A0, · ] , Di = igs2πα′ [Yi, · ] (28)
are the components of the dimensionally-reduced gauge-covariant derivative. It is
readily seen that (27) coincides with the variation of the action (23) with ζ = 1 up
to the order indicated in (27), so that the world-sheet RGEs βabi = 0 coincide with
the equations of motion of the D-branes. The first term in (27) yields the (reduced)
Yang-Mills equations of motion, while the second term represents the first-order
stringy correction to the Yang-Mills dynamics.
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If we now replace the space-time coordinates Yi and velocity Ui used in the
previous subsection by matrix quantities:
Yi(x
0)ab = Y abi + U
ab
i x
0, (29)
the discussion of D-particle recoil in the previous subsection may be generalized to
the D-brane model illustrated in Fig. 2, where the intersection is viewed as a foam
model of virtual D-branes emerging from the vacuum. Because of this assumption,
the D-particle defects are not real, but appear as virtual excitations of the foam,
and as such are bound to carry the same quantum numbers as the vacuum.
However, a model where the bulk ten-dimensional space, in which the D-branes
are embedded, is characterised by a given density of such D-particle defects, occa-
sionally crossing the intersection, is also a viable model for space time foam. To an
observer on the intersection, the crossings of the D-particle defects will appear as
‘virtual’ D-particle fluctuations in the vacuum. Formally, the (T-dual) version of the
recoil operator describes an effective non-Abelian gauge potential of the form [10]:
Aab0 = 0 ; A
ab
i =
(
ǫY abi + U
ab
i x
0
)
Θ(x0; ǫ) (30)
where a, b are a colour indices. As shown in [10], its dynamics is that of a non-
Abelian Born-Infeld described by the lagrangian (23).
Thus, in analogy with the Abelian case of an isolated D-particle, the recoil and
capture of string matter by groups of N ′ such defects results in gauge excitations
transforming in the adjoint representation of the U(N ′) group. For real defects, this
group might not be connected with the original gauge group of the string excitations
localised on the intersection. However, given that in our model of foam the D-
particles are viewed as virtual excitations of the ground state of our system, and we
insist on the possibility of re-emission of the string matter into the (stacked) brane
world after the capture stage, the two groups must be the same. In other words,
the number N ′ of the constituent D-particles in each excitation of the non-Abelian
foam has to be such that the resulting U(N ′) group must be locally isomorphic to
the U(N1) ⊗ U(N2) ⊗ . . . group coming from the the stacks of the intersecting D-
branes. This means that the gauge boson configurations (11) that emerge from the
recoil/capture stage described in the previous subsection must here be thought of as
parts of a superposition with the gauge boson excitations arising from open strings
on the intersecting stack of D-branes, realizing the same gauge group.
It follows from these considerations that the above procedure describes only the
interaction of massless gauge particles (and their superpartners), such as Standard
Model photons and gluons, with the space-time foam. There is no possibility of
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a non-trivial interaction of electrically-charged massive particles, such as electrons,
with the D-particle defects. As in the Abelian case, this has to do with the fact that
such charged probes transform according to bi-fundamental representations of the
U(N1) ⊗ U(N2) . . . group, whilst the composite open-string/D-particle excitations
transform in the adjoint representation, and hence behave like gauge particles. The
D-particle foam medium is transparent to such elementary matter particles, because
of the conservation of electric charge, which cannot be broken by the gravitational
space-time foam. We stress that this picture of space-time foam is not covered by
critical string theory arguments, because recoil operators (30) are ignored in such
treatments. In our approach, it is the presence of such non-conformal, relevant
operators that leads to the non-trivial non-equilibrium space-time foam effects for
photons that we have examined here.
The above possible effects of non-Abelian gauge interactions of D-particle groups
may be suppressed significantly for composite particles containing gluons, such as
protons. As argued in [27, 28], propagation effects and energy uncertainties in
collision processes due to the Liouville foam interactions of ultra-high-energy pro-
tons, might be responsible for the possible persistence of ultra-high-energy cosmic
rays [29] beyond the expected GZK cutoff in the spectrum. However, as observed
in [28], the parameter M needed to modify the proton dispersion relation would
be of order 10−16 − 10−17 smaller than the Planck mass, much smaller than the
corresponding parameter (of order one in Planck units) that would be sufficient to
remove the expected analogous cutoff for gamma rays above 20 TeV [30]6. Such
a difference might well be explained by the fact that only the gluons in the pro-
ton feel the effects of the D-particle foam. Since the characteristic scale of a QCD
bound state suach as the proton is of order ΛQCD ∼ 200 GeV, there could be an
extra suprression factor ΛQCD/MP ∼ 10−19 multiplying the coefficient of E/M in
the modification of the proton dispersion relations. However, more work is required
before firm conclusions can be reached regarding such issues in the context of the
model of [5]. Nevertheless, the above analysis makes it clear that details in the
dynamics of the interactions between foam and matter can make a crucial difference
from naive generic phenomenological analyses, which could be misleading.
6Some doubt [30, 31, 32] has been expressed on whether a TeV-infrared background crisis
exists. This is due to ambiguities in measurements of extragalactic light [32], as well as theoretical
uncertainties in the intrinsic model for generation of TeV photons in Active Galactic Nuclei. In our
view, observations of photons in the 100-200 GeV energy range, as well as TeV sources at different
redshifts, are needed in order to constraint seriously space time foam models with modified photon
dispersion relations.
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3 Discussion
In light of the analysis in the present work, it may still be that the study of the
arrival times of photons in gamma-ray bursts (GRBs) [33] is the best experimental
test, to date, for probing possible quantum-gravitational effects on particle propa-
gation, through their high sensitivity to any possible refractive index for photons
propagating in vacuo.
We have pointed out previously that ultra-high-energy neutrino emission from
GRBs would also be very sensitive to any analogous effects on neutrino propaga-
tion [18]. However, in the type of intersecting-brane model studied here, neutrinos
are considered as chiral fermions that transform in bi-fundamental representations of
the weak-interaction gauge group SU(2)L⊗ SU(2)R. As such, they do not interact,
at least at tree level, with D-particles. However, this conclusion, stemming from the
analysis of [10] described above, applies only to the case in which the open string is
attached with both ends on the D-particle, and hence the open strings have double
Dirichlet (DD) boundary conditions.
This raises the question whether, in principle, one may consider the recoil of
strings with one end attached by a Dirichlet boundary condition to the D-particle
and the other attaches freely with a Neumann boundary condition to intersecting D-
branes, as shown in Fig. 2. If such ND strings are consistent string configurations, as
argued in [16], the earlier discussion about the lack of Lorentz violation for charged
particles such as electrons would be unaffected, though one could apply the ND
formalism to neutrinos. However, in our view there is a issue in defining such
configurations, associated with the issue of conformal invariance for pinched higher-
genus configurations, as illustrated in Fig. 3. If such open ND strings existed, there is
a question whether they could be consistent configurations, from a target space-time
point of view. Because of the mixed ND boundary conditions, when one pinches a
higher-genus world-sheet graph, the pinch would contain a world-sheet strip with
infinite length and vanishing width, on the ends of which one would impose two
different boundary conditions. This would require the introduction of a non-local
phase-space operator, called a ‘zipper’ in [16]. It remains to be established whether
this is a consistent local operator in conformal field theory.
Another important issue concerns higher-order self-energy graphs. The naive
(local field theory) point of view would be that the quantum fluctuations of open
strings interacting with D-particles are described by annulus or higher-topology
world-sheet graphs, involving the exchange of all string states around the loop. In
principle, some such states might interact with the D-particle. However the same
argument based on conformal invariance that was given above for pinched tree-level
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Figure 3: Top drawing: if ND open strings were consistent conformal invariant back-
grounds, then the pinching of world-sheet surfaces should be allowed. However, this
would require the superimposition of different types of boundary conditions, which
is impossible. This argument also rules out the appearance of mixed boundary con-
ditions for open strings exchanged in string loops, as seen in the bottom drawing.
Quantum string higher-genus corrections to ND strings are inadmissible, as pinched
genera in the loop would also require a superimposition of two different types of
boundary conditions in the limit where the world-sheet strip width vanishes.
world sheets also applies here. This can be seen, in particular, by considering the
lower part of Fig. 3, featuring a chiral fermion with Neumann boundary conditions
and a string loop with Dirichlet boundary conditions, representing quantum correc-
tions in which a D-particle interacts with the virtual string state. We conclude that
the non-interaction of chiral fermions with the D-particle foam is an exact result,
valid to all orders in the string genus expansion.
However, as discussed above, gauge fields may in general interact with the space-
time foam, leading to violations of Lorentz invariance that are non-universal and
generating violations of the equivalence principle at high energies that may be probed
by astrophysical observations.
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